The indigenous endoparasitic koinobiont Dacnusa nipponica is considered a potential parasitoid of the exotic leafmining fly Liriomyza trifolii in Japan. However, this endoparasitoid rarely emerges from L. trifolii pupae collected in the field. To determine why, we compared the parasitization, growth, and development of D. nipponica and the introduced parasitoid, D. sibirica, on L. trifolii hosts. When each parasitoid was only provided L. trifolii as a host, D. nipponica exhibited a slightly lower parasitization rate (confirmed by dissecting hosts, 34.7%) than D. sibirica (42.2%). However, the survival rate of parasitoid progeny within hosts was much lower for D. nipponica (7.2%) than for D. sibirica (69.4%), which was caused by the developmental arrest or death of D. nipponica at the prepupal stage within L. trifolii pupae. Furthermore, the survival rate of parasitoid progeny within hosts was much lower for D. nipponica (13.3%) than for D. sibirica (82.6%) when both parasitoids were allowed to parasitize artificially dwarfed individuals of Chromatomyia horticola, which is naturally much larger than L. trifolii and is a suitable host for both parasitoid species. The survival rate of progeny was lower for both D. nipponica and D. sibirica within smaller individuals of dwarfed C. horticola pupae. These results suggest that L. trifolii is large enough to host the growth and development of D. sibirica but too small for successful parasitization by D. nipponica.
INTRODUCTION
The leaf-mining fly Liriomyza trifolii (Burgess) is a serious global pest of vegetables and ornamental plants (Minkenberg and van Lenteren, 1986; Parrella, 1987) . This species was accidentally introduced into Japan in 1990 and is now widespread throughout the country (Saito et al., 1992) . Since 1998, the parasitoids of L. trifolii, Dacnusa sibirica Telenga and Diglyphus isaea (Walker) (Minkenberg, 1989 (Minkenberg, , 1990 , have been imported from Europe (see van Lenteren, 2003) and used commercially in greenhouses in Japan (Ozawa et al., 1999b (Ozawa et al., , 2001 .
Dacnusa nipponica Takada is a dominant indigenous braconid parasitoid of the indigenous leaf-mining fly Chromatomyia horticola Goureau in pea fields in western Japan (Takada and Kamijo, 1979) . Similar to D. sibirica, D. nipponica is a solitary endoparasitic larval-pupal koinobiont (see Askew and Shaw, 1986; Gauld and Bolton, 1988) of leaf-mining flies. Although D. nipponica is considered a potential indigenous parasitoid species of L. trifolii in Japan (Konishi, 1998) , its adults rarely emerge from field-collected L. trifolii pupae (Saito et al., 1996) . Furthermore, it is difficult to propagate D. nipponica on L. trifolii in our laboratory culture. Together, these observations likely account for this species' rare parasitization of and/or high mortality within L. trifolii. Therefore, in this study, we experimentally compared the parasitization, growth, and development of D. nipponica and D. sibirica on L. trifolii hosts. If the rare emergence of D. nipponica is primarily due to high mortality within L. trifolii, this host may be too small for D. nipponica to complete its growth and development, because pupae of L. trifolii are naturally much smaller than those of C. horticola (Cohen, 1936; Parrella, 1983) . Assuming a high mortality of D. nipponica within small hosts, we then compared the effect of host size on growth and development of D. nipponica and D. sibirica using various sizes of C. horticola, which is a naturally suitable host for both parasitoids.
MATERIALS AND METHODS
Plants and insects. The kidney bean (Phaseolus vulgaris L.) cultivar 'Tsurunashi Ingen' was used as a host plant for leaf-mining flies because of its suitability as a host (Ozawa et al., 1999a) In agricultural fields, several leaf-mining larvae are typically found on one kidney bean cotyledon (mean sizeϮSD, 51.0Ϯ10.7 cm 2 for mid-sized cotyledons and 113.0Ϯ10.0 cm 2 for fully-developed cotyledons, nϭ20, measured with an optical planimeter; AAM-8, Hayashi Denko Co Ltd, Tokyo, Japan) or one pea leaflet (12.4Ϯ5.5 cm 2 , nϭ15), indicating that larvae have ample leaf area in nature, as the area of a single completed mine is Ն1 cm 2 (Sugimoto, 1971) . For convenience, we refer to the developmental conditions of hosts at typically low field densities as 'the normal condition' and those at excessively high densities as 'the crowded condition.'
Insect rearing and general experimental procedures. Insect rearing and all experiments were carried out at 20°C, 70% relative humidity, and a 14L : 10D photoperiod. Flies were reared in transparent plastic cylinders (45 cm high, 25 cm in diameter) covered with gauze. We provided each cylinder with a kidney bean plant in a water bottle and honey solution as food for adult flies. Plants were replaced every 3 days and kept in the laboratory until larvae developed to a stage suitable for parasitoid attacks. Within the cylinders, D. nipponica and D. sibirica were reared by providing C. horticola and L. trifolii larvae, respectively, as their hosts. Mature L. trifolii larvae leave the cotyledons and pupate off of the plant, regardless of their parasitized status, whereas C. horticola larvae pupate within the cotyledons. Liriomyza trifolii and C. horticola pupae were reared in glass bottles (10 cm high, 3 cm in diameter) and plastic containers (6.5 cm high, 10 cm in diameter), respectively, until adult emergence.
In all experiments conducted within the transparent plastic cylinders, parasitoids were allowed to attack host larvae that had infested plants with medium-sized or fully-developed cotyledons. Firstor second-instar larvae were used as hosts, because ovipositing females of both parasitoid species tend to prefer young hosts. To confirm the emergence of adult progeny of both hosts and parasitoids from host pupae, host pupae were kept in transparent plastic containers, glass bottles, or glass tubes for Ն1 month after exposure to adult parasitoids. We considered 1 month at 20°C to be adequate time for parasitoid adults to emerge from host pupae for several reasons. First, the period from larval hatching to adult emergence is approximately 20 days for L. trifolii infesting kidney bean plants (Saito et al., 1995) and 14 days for C. horticola infesting pea plants (Mizukoshi and Togawa, 1999) . Second, the period from parasitization to adult emergence from host pupae for D. nipponica and D. sibirica is approximately 18 and 19 days, respectively, on C. horticola, and 20 and 21 days, respectively, on L. trifolii when host larvae are reared on kidney bean plants (T. Hondo and R. Okada, unpublished data).
Despite the constant culture conditions in the laboratory, it was difficult to propagate D. nipponica on C. horticola during the summer because of an extremely male-biased sex ratio (females : malesϭ1 : 9). Thus, all experiments using D. nipponica were conducted between November 2000 and May 2001, when propagation was relatively effective due to a more favorable sex ratio of 3 : 7.
Experiment 1: Parasitization and adult emer-gence of parasitoids on L. trifolii. For 1 day, eight pairs of D. nipponica or D. sibirica adults were allowed to parasitize 140-160 L. trifolii larvae infesting six fully-developed cotyledons (normal condition) within a cylinder (45 cm high, 25 cm in diameter), all of which was considered one lot. For each parasitoid species, 12 lots were prepared for two separate sub-experiments. First, to examine parasitization rates, all host pupae from seven lots were dissected on day 4 after parasitoid exposure. Second, to examine adult parasitoid emergence, all host pupae from the remaining five lots were transferred to transparent plastic containers (6.5 cm high, 10 cm in diameter). Adult parasitoids emerging from host pupae were counted 1 month later. We chose this particular incubation period, because during the second month after parasitoid exposure in our pilot experiment, no D. nipponica adults emerged from L. trifolii pupae that had not produced any adult parasitoids during the first month.
In the data analysis, the numbers of hosts were summed for all lots prepared for each sub-experiment, and the "total hosts tested" (hereafter represented by "A") consisted of both parasitized and unparasitized hosts. The parasitization rate refers to "the number of parasitized hosts" (hereafter represented by "B") divided by A. The emergence rate of adult parasitoids refers to "the number of hosts from which adult parasitoids emerged" (hereafter represented by "C") divided by A. The survival rate of parasitoid progeny within hosts refers to "the number of parasitoid progeny that emerged as adults" (equal to C due to solitary parasitism) divided by "the number of parasitoid progeny within hosts" (equal to B due to solitary parasitism). Thus, we can estimate the survival rate of parasitoid progeny within hosts (C/B) by dividing the emergence rate of adult parasitoids (C/A) by the parasitization rate (B/A). Because we measured B/A and C/A in separate sub-experiments of Experiment 1, this rate was indirectly estimated by the above equation. Two-group c 2 tests were used to test for differences between D. nipponica and D. sibirica in parasitization rates and emergence rates of adults.
Experiment 2: Parasitoid development within L. trifolii. For 1 day, three pairs of D. nipponica or D. sibirica adults were allowed to parasitize 30-50 L. trifolii larvae infesting two fully-developed cotyledons (normal condition) within a cylinder (20 cm high, 10 cm in diameter). All pupae from these host larvae were then kept in glass bottles (10 cm high, 3 cm in diameter). This treatment was repeated for 11 lots of D. nipponica and nine lots of D. sibirica. Every 2 days beginning on day 5 after parasitoid exposure (all host larvae had pupated by day 5), one of the lots from each parasitoid species was inspected to determine the developmental stage of parasitoid offspring. During these inspections, the number of adult parasitoids that had already emerged was counted, and host pupae from which no adult host flies or parasitoids had yet emerged were dissected under a binocular microscope. When parasitoid offspring were detected inside the pupae, they were enumerated by developmental stage.
Experiment 3: Survival rates of parasitoid progeny within various-sized C. horticola hosts. The pupal size of the leaf-mining fly Phytomyza ranunculi Schrank tends to decrease with increased densities of larvae infesting leaves (Sugimoto, 1971) . Therefore, to assess the effect of host size on the successful emergence of adult parasitoids, we examined adult emergence from normal-sized C. horticola pupae that were grown at a low density of several larvae per medium-sized cotyledon (normal condition) and from dwarfed C. horticola that were grown at a high density of approximately 50 larvae per medium-sized cotyledon (crowded condition).Three pairs of D. nipponica or D. sibirica adults were allowed to parasitize host larvae for 1 day. On day 4 after the host larvae pupated within the cotyledons, their body lengths and widths were measured under a binocular microscope. The larvae were then reared individually within cut pieces of cotyledon in glass tubes (3 cm high, 0.6 cm in diameter). One month after parasitoid exposure, we determined whether adult parasitoids emerged from the pupae and calculated the number of hosts from which adult parasitoids emerged (C). Host pupae from which neither adult hosts nor parasitoids emerged were dissected to confirm parasitization. When parasitoid progeny were detected within these host pupae, we noted that they had failed to emerge as adults and calculated the number of hosts from which adult parasitoids failed to emerge (hereafter represented by "D"). The sum of C and D equals the number of parasitized hosts (B); thus, unlike Experiment 1, the survival rate of parasitoid progeny within hosts (C/B) was meas-ured directly in this experiment. As a comparison, the size of L. sativae pupae grown at a low density of several larvae per medium-sized cotyledon (normal condition) was measured following the procedure described above.
In the data analysis, host size was estimated as the volume of a host pupa. We regarded host pupae as ellipsoids and estimated their volume (V) as
where L and W denote body length and body width, respectively. Multiple logistic regression analysis was conducted to examine the effect of parasitoid species, volume of host pupae, and their interaction on the probability of adult parasitoid emergence. All statistical analyses were conducted using SPSS 14.0 statistical software (SPSS Inc., 2005) .
RESULTS

Parasitization and adult emergence of parasitoids on L. trifolii
The parasitization rate for D. nipponica was slightly but significantly lower than that for D. sibirica (Table 1) , whereas the emergence rate of adult parasitoids was much lower for D. nipponica than for D. sibirica (Table 2 ). Based on these two rates, the survival rate of parasitoid progeny within hosts was estimated as approximately 7.2% for D. nipponica and 69.4% for D. sibirica. Thus, L. trifolii was not as suitable a host for D. nipponica as it was for D. sibirica.
Parasitoid development within L. trifolii
All D. nipponica parasitizing L. trifolii were prepupae on day 11, and only a few emerged as adults after day 23 (Fig. 1A) . The majority of D. nipponica (ca. 75%) remained or died as prepupae. Most D. sibirica parasitizing L. trifolii were prepupae on day 11; however, nearly all D. sibirica had reached 580 I. KANDORI et al. the pupal or adult stage by day 20 (Fig. 1B) .
Survival rates of parasitoid progeny within various-sized C. horticola hosts The dwarfed C. horticola pupae under crowded conditions were of similar volume to L. trifolii pupae under normal conditions (Table 3) . Nearly all progeny of D. nipponica and D. sibirica survived until adult emergence when they parasitized normal-sized C. horticola (Table 4 Table  4 ). The dissection of dwarfed C. horticola pupae revealed that the progeny of D. nipponica that had not emerged as adults within 1 month after parasitization had remained or died as prepupae within host pupae.
On the dwarfed C. horticola hosts, the survival rates of parasitoid progeny of both species within hosts were higher as host pupae became larger (Fig. 2) . The survival rate of D. nipponica progeny was much lower than that of D. sibirica progeny at intermediate host volumes. Multiple logistic regression analysis revealed that the survival rate of parasitoid progeny differed between the two parasitoid species and was positively correlated with the volume of host pupae (Table 5) .
DISCUSSION
Dacnusa nipponica and D. sibirica were nearly equal in their parasitization rates of L. trifolii, but the former parasitoid often failed to develop within this host (Tables 1 and 2 ). The dissection experi- 3 ) for convenience. The number adjacent to each dot indicates the number of hosts belonging to each class. There was no sample in the 0.8-1.0 mm 3 class for D. nipponica. Curves were estimated from the multiple logistic regression (Table 5) .
